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ABSTRACT

Early fusl removal from the active core of a
liquid-sstal-cooled fast breeder reactor undergo-
ing @ core-disruyptive nccldent may reduce the po-
tential for largs energetics resulting from re-
eriticalities. This paper presents a review of
snalyses with the SIMMER-1I computer program of
the effectiveness of powsible fuel escape paths.
Where possible, how SIMMER-1I compares with or is
validated against axperiments that simulated the
escape paths also is diecussed.

INTRODUCTION

Although axcluded from the design basis,
core-meit accidents in liquid-metal-cooled fast
breeder reactors (LNPBRs) have claimed a promi-
nent role in liceusing. Clearly, the probability
of such events, whick are mors commonly known as
core-disruptiva sccidents (CDAs), is very low.
However, in the LMFBR case, configurstions of
higher resctivity are pcssible as meltdown and
loes of the original core geomstry oceur. Thue,
the theoretical pasuliLility of achieving very
high tesperatures and gressures with direct and
pitentially severe consequences on the contain-
mant barriers gives rise to an LNFSR generic
safety lesue--that of “energeticw.”

Fual reaoval from the sctive-core driver
regions during postulated CDAs in LNFBRs is of
primary importance in detarmining the ultimate
sccident termination mode and ite severily in
torms of energetics. Barlier SIMNER-II caicula-
tions nf the waltsuwn phase of such sccidentr in
haterogensous cores()l) have ahow. thst a propen-
sity for fuel slumping produces 3 dynamic system
response charscterized dy 2 series of prompt- or
near promp.-critical power bursts. Similar con-
siderations for the Clinch River Bresder Rasactor
(CEBR) have indicated that fuel compantion is a
primary path to significant ensrgetics.(2) The
mmber and severity of such recriticalities are
related directly to the avallability of mobile
fuel in the active core.

Rarly fuel losses can eliminate or modarate
recriticalities. The fundscental prerequinsites
fur tiwely dispersal of Jucl are the svallability
of fuel escape paths, the ability of core materi-
als to move through thase paths, the axistence of

presrure gradients to provide the required rates,
and sufficient fuel reservoir volume outside the
active core. PFusl escape paths may be found in
the subassemdly pin bundles and the intorsubas-
sembly gaps. Steel (cladéding or subassembly
wall) boundaries exist for both kinds of paths;

_hence, as a minimum, the escaping molten fuel (or

fuel/steel mixture) wourld be exposed to approxi-
mately 1000 K lower tesperatures (the diffaerance
between the fuel and steel melting points) at
thase boundaries. As a consaquer.ce of Lhis
strong cooling environmant, the affectiveness of
these paths in allowing the required fuel removal
must be assassed against the potential for re-
fraezing and plugging during this dispersal
process.

The SIMMER-1I (8,. Implicit, Multifield,
Bulticusponant, Bulerian, Recriticality) computer
program(}) was developed to parform accident se-
quence calculations. 1Its development rzsulced
from recogniting the importance of quantifying
tha phanomena occurring during the transition
phase and the importance of using experimentally
supported correlations dependent on local con-
ditions for the mass, momentum, and energy trans-
fer occurring in fast reactor accidents. 1t i»
the purpose of this paper tc present a review cf
SIMMNER-II anslyses of ‘he effcctiveness of posel-
ble fuel eascape patha. end a review of experiment
analyses that have been performed to test the
RIMMER-11 approach.

Proe thase analyses, it was concluded that
the porosity represented by the extenslion of as
cape paths beyond the active core was eusily suf-
ficlient to accommndate 40% of the core volume
(the approximate amount necessary tc prevent fur.
ther recriticalities) and because available psths
inereass «ith disruption, large-scale disruption
with a sustained high fuel inventory in tha core
would be difficult to maintain. Thus, the dis.
ruption sequence and asmocisted neitronic re.
spor.se appear to have a damped character (mild
recriticalitios) as a result of the fuel removal
procenses, at least for heterogeneous cores, and
large containment-threatening energetics uppear
to be unlikely.
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A fuel removal path is charactericed by its
sise, general avallability, and nssoclsted reser-
volir size. The first availsble fuel removal
paths are the normal coolant-flow passages from
the active core into the upper and lower axial
blanksts. Clrdding Plockages and fuel freezing
snd plugging in those axial blanket passages may
limit the effectiveness of thase paths to all
discharges but those with svperheated fuel st the
leading edge. However, if the froezing and plug-
ging process effectively ablates the cladding,
the twc axial blankets could accommodate about
70% of the core fuel.

The second paths for early fuel removal ars
through the internal and radial bianket subassem-
bly gaps (Fig. 1). For timely and substantiai
gap fuel removal, the reservoirs for fuel deposi-
tion must be large and available. Of thase cve-
servoirs, the lower axisl blanket gaps can hold
about 10% of the driver fusl, and the gaps of the
radial blanket can hol¢ about 10%. In eddition,
s very large volume is available in the radial
reflector region such that it can accommodate
sulficlient fuel for permanant subcriticality.

The final fuel removal paths ore the con-
trol rod sudbassemblies. 1If the gaps cannot re-
msove the r.acessary amount of fuel, there may be
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Fig. 1. Intersubassembly gap fuel removal paths.

sufficient heat flux to the walls of some primary
control subsrsemblies to cause them to feil and
thus provide sdditional fuel escape paths. Just
the volume below the partislly withdrawn control
rods could sccommodate more than 10% of core
driver fuel without requiring fuel 7low through
the inlet orifices.

Therefore, we can concludo that reservoir
capacity is not a problea Pecause the porosity
represented by voided coolant channels, intersub-
apsenmlly gaps, and withdrawn control rods is
large and becauge the volume necessary to accom-
mpdate approximately AO0L of the core is small.
Tha avallable paths to access this capacity in-
cressa with disruptior such that largs-scala dis-
ruption with sustained high inventory in the core
would be difficult ta maintalin.

. ed with STMMR-II

Two of the fundamental preraquisites for
timaly dispersal of fuel, the availability of as-
cape pathe and reservoir capacity, generally are
sat.sfied in most LMFBR designs. We now consider
a third prerequieite. tha ability of fuel and
steel to move through the available paths. 1In
particular, we svaluate the effectiveness of tha
various escape paths as modeled and analyzed us-
ing the SIMMER-II code.

The firet set of SIMMER-I1 calculatlonu mod-
eled a CRBR subassembly from the active core mid-

-plane to the top of ths fission gas plenur and

was used to investigate the fuel removal poten-
tial through CRBR pin bundler.(2) The treatment
of the extremely complicated interactlive fluid
flow and heat transfer associated with steel
selting and fuel freezing was hased on a general-
ized mode!. This model was validated against the
avalladle prototypic-material experimenta! data
to ba describad luter. Generally, the figure of
marit considared in assessing freezing and plug-
ging models is fuel penetrationr distance. The
calculuted penetration distance vs pressure i-
shown in Fig. 2. A penetration of about 0.35 m
corresponds to complete removal of nearly one-
half the subassembly contents. The calculated
fue! renova' potentlal for a dischatge following
a power burst during the early subassembly dis
ruption phase also is shown in Fig. 2. The core
faterial was acsumed to be a mixture of cladding
stewl and fuel that wad 50% solid and 50% liquid.
Tre nteel and fuel were brought into thermal
equilibrium at the fuel melting point. The dis
charge was driven by power bursts of different
magnitudes w'th a representative CRBR axial power
thape. Thus, small bursts produced low dischsrge
pressures and had particulsetes at the leading
edge. The cladding stee)l was assumed to be dis-
tributad physically on s ecale for rapid heating
by the fuel (in less thaar 0.2 3) anA tharefore
was the pressurieing material. The correspon
dence betwesn Lurst energy in full- power.-seconds
(¥YP3) and stesl vapor praessurw can be seen in
Pig. 2. The calculations suggest that subdbstan-
tia! fuel removal can be expected for a wide va
riety of conditions if the pin bundles are un.
blocked initially.

In the second set, STHMER I1 calculstions
were performed to dotermine the discharpge charac
teristice of fuel/steel mixtures thruugh intar
subassenbly gaps. The first stud-(A) involved a
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Fig. 2. Puel penetration distances in pin bun-
dles for various assumptions and econdi-
tions.

whole-core simulation with a disrupted outer an-
nular driver containing a slumped pool of molten
fuel and steel at 3100 K. The region inside the
annular core region was modeled as s nonpartici-
pating "filler™ region for convenience. The low-
or axial bdlanke’ region below the pool was treat-
ed as an intersubassembly gap region (considered
to be a two-dimensional "porous™” region with the
intersubassembly gzvs being the porosity and the
pin bundle being blocked completely with steel).
The redial blanket and reflector surrounding
these regions also were treated as a gap region,
as was the subassembly region below the core. A
leak path for the sodium initliaily in the gaps
was provided at the top of the radial blanket
region to similate the smill clesrances batween
the subassembly load pads. A second leak paih
wap provided at the lower boundary to simulate
the imperfect seating of the subassemblies in the
core support plate. The problem setup for this
analysis is shown in Fig. 3. Melt-through fail-
ure of subassembly duct walls separating the core
pool from the radial blanket gap reglon initlated
the flow of pool materisl intu the radial gaps.
Before thia, scme tlow into the lower gap region
occurred. As pool material (consisting of 25%
fue) particles, 23% liquid steel, and 50% llquid
fuel at the time of wall failure) bagan moving
into the radisl hlanket g aps, some liquid fuel
partially froze on the structure, but most froee
into particles as & result of slurry conling.

The particles were able to penetrate far into the
gap region. In perticular, the fuel mass in the
slumped core had decreasad I by 3 o after wall
fallute. This was sufficient to decrease signi-
ficantly the probability of further recritical-
ity. This potentla) for fuel removal depends on
the various heat-transfer processes that are oc-
curring simultansously. These processes affact
the smounts and timing of fuel particle and fuel
crust formation, sod/um interaction and vaporisa-
tion, and the opening of flow passsges. This set
of calculations indicated a strony potential for
whole-core fuel removal into the gaps surrounding
the core even without strong neutronic bursts to
provide the pressure.
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Fig. 3. Calculaticnal model for the whole core
analyeis of fuel remuval through inter:
subassembly gaps. Tic marks indicste the
radial and axial meshes.

Extensive ralculstions also were made for
fuel removal through the inner blanket intersub-
assembly gaps for the CRBR lLeterogeneous core un
dJder the conditions of an unprotected losg-of-flow
accident.(3) A small load pad reglon sithin the
upper axisl blanket was included. The load pads
ara part of the core restraint system in CRBR and
of fectively reduce the local flow area to lags
than 11 of the nominal gap area. The lower and
redial system boundaries ware assuned closed; the
only way for materials to leave the system wap
through the narrow load-pad gaps above the co.e.
Calculations aleo were performed with the load
paés removed. The dominant discharge limitatiorn
was shown to come from the narrow ioad-pad gaps
as they progressively closed from freezing of
coi'e materjials; when the load pad affects were
deleted, the achievable discharge fraction was
more than tripled. Parenthetically, these calcu
latios point out the desiradility of nonre-
stricting lcad pads. These results show that Lhe
in-core gaps can be an effective avenue for early
fuel removal.

To atudy further the physice of the core ma
terial diecharge through gap channels and to gain
confldence in the fuel removal predictiun, we
performed a large =et of calculat.ons with
SIMNER-1] ueing slab geometry and fuel and fuel/
oteel mixtures under a varlety of cenditions. (2)
The analysis was oriented toward the fuel dis
charge through the gaps between intermal blankets
because they are important ss sarly rem.va! paths
an indicated above. Calculstions of the fual re
moval capability for different situations are
showm in Fig. 4. The areas undor the cur/es rep
resent the mass removed through a 0.5-m-long
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Pig. 4. Gap channe! fuel removal transients for
various conditions.

channel with a lateral extent equal to one side
or flat of the hex subassembly. The injection

in these cases wag fuel only. The effect of
superheat was to increase throughput initially
because of delayed crust growch. The wall abla-
teC and introduced large quantitlies of liquid
steel into the stream, which reduced the fuel
throughput until it was transported ouvt of the
channel. The throughput then increased rapidly
becavse the adblating wall had becn removed and
the flow area increased. Increased prassure pro-
duced higher throughput. initially, more rapid
wall ablstion, and a quicker raturn to high flow.
A typical fuel removal quantity for tha superhaat
cames was spproximately 15 kg/gap, occurring
within approximately 1 », even if the later flow
re-establishment was neglected. CGiven the large
number of inte...al blanbet gaps in a typical het-
erogeneous core, an important fraction of the
core inventory could be removed in this way.

The final fuel removal paths considered ware
the control rod subassamblies.(§¢) They are cold
relative to the disrupted core and arae protected
by residual sodium flow. To evaiuate thir fuel
vemoval possibility, STIMMER- 11 was used to model
a primaty control rod (PCA) subassambly with a
surrounding annular pool region that reprasented
six neighboring disrupted driver subassembdlies.
The problem setup for this anslysis is shown in
rig. 5. Successively imposed power bursts caused
this disrupted pool of molten fue!, molten steal,
and scdium vapur to be in & sloshing mode.
SIMMER-1I then calculated the reoponse of the
control subassembly tp this sleshing pool. The
control subassambly contained an unvolded control
rod assembly encased in an inner duct wall that
could be moved axially relative to the subassen-
bly outur duct wcll during normal operation. Be-
twaen these tHo welle was a bypass that, in
normal oparation, carried 39% ot the control sub-
assembly coolant flow. Melt-through failure of
the outer subassembly duct wall separating the
disrupted core materlal from the cortrol rod as-
sembly initlated the flow of pocl materisl into
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Pig. 5. Geometrical representation of the con-
trol subassembly and its surroundings.
Tic marks indicate the radial and axial
mashes.

the voided bypass reglur. The hot fusl was able
to flow in both axial directlons.

Two cases that differed only by the
disrupted-pool state at melt-tarough were calcu-
lated: (a) the pool was at 0.64 MFa and 3510 K
for Cane 1 and (b) the pool was at 3.05 Mra and
4290 K for Case 2. 1n Cese 1, particle blockages
formed in the upper bypass so that the early fuel
escape path was downward toward the shield block
and orifice plates. However, the resulting fuel-
coolant interactions produced pressure gradiento
of sufficient msgnitude to force fuel and steel
up into the pin bundle of the control-rod amssem
bly. This induced malting of much of the clad-
ding and inner wall snd provided s favorable
fuel escape path. Of the 53% of fuel removed
from the six melted subassemblies, 75% flowed out
the top. 1In Case 2, the initial pool pressure
and temperature were suffizient to avold severe
blockages; the upward direction provided the



least restraint to flow from the deginning. Por
thic case, 92% of the fual was removed from the
six melted subassemblies with 87T of this going
out the top. The results indicated that fuel es-
cape from s severely disrupted core through pri-
mary control subsssemblies may indeed be an in-
poctant contribution towerd limiting further
recriticalities.

We can conclude from all thage analysas that
fusl will be removed readlly through the paths
represented by voided coolant channels, intersub-
assesbly paps, snd withdrawn control rods. Thue,
becsuse tha reservoir capacity is available and
tha availadle paths to sccess this capacity in-
crease with disruption, large-scale disruption
with sustained high inventory in the core would
be difficult to maintain. Therefore, the otun-
tial for large camp rate events assoclated with
high-inventory whole-cora slosning of the fuel
will be deciessed greatly.

SIMMER-1I1 TESTIMG OF FUEL REMOVAL

SINER-1! model predictions important in
fuel removal analysis were compared with experi-
mental data. These comparisons are discussed
below.

Argonns National Laboratory (ANL) Pin-Bundle
T

SIMNER-1II calculations for a range of freez-
ing and plugging tests wers compared with experi-
msntal data.(]) They were important fer validat-
ing the complex modealing of the molten material
{low into the axial dlankets of the driver subas-
seablies with associated freezing and plugging in
the pin bundle geomstry. The complexity erises
because fuel solidifies at s temperature more
than 1000 X higher than ths melting point of
steel. The fact that steel sudstrate melting may
occur during the fuel freezing procevs may indi-
cate destruction of insulating fuel crusts and
hence greater freexing ard plugging potential.
This behavior tranaforms a straightforwvard heat-
transfer calculation into an extremaly compli-
cated interactive fluld flow and heat-transfer
problem. A genaralized multiphave, milticompon-
ent flow and heat-transfer model included in
SIMMER-1] stteampts to sccount for these complica-
tions.

The most important data currently availabla
for validating the modal in pin-bundle geometry
is that of Spencer.(§) Ths test satup used »
thermite injector attached to a saven-pin rod
bundle containing prototype CRBR axial bdlanket
pins; it wss modeled as 8 two-dimansional cylin-
der using STMMER-I1. Piva calculations were per-
formed to test diffarent model assumptions. With
one excaption, the fuel flow stopped in all cases
batween 0.30 and 0.45 m, which is adbout the
length uf the axial blanket pellet region. Large
steel blockages were formed lownstream of the
fusl in sll casss. Some particulate fuel was
blown downstreas into the fission gas pluaus re-
gion before the steel blockage formed. As tha
fuel entered the test section, the cladding rap-
idly adlated and entrained into the flowing
stream. Tho entrained stesl cooled the fuel in
a bulk freezing mode and produced a steal-Tuel
particle slurry. The tulk temperuture of the

alurry Cecressed as it flowed sluggishly down-
stream. The steel froze on the walls at a down-
stream location, generally st a simulated spring
retainer location where the wall hoat capacity
was high. BSven a parctlial occlusion by steel
freezing scted as s dlockage in that the parti-
culste slurry had s very difficult tise flowing
through it. Table I lists thase tests and sum-
marizes the results of calculations.

r ts

At the present time, there are oniy a few
experiments of fuel injection into gap channels.
Of these, the GAP3 and « axperiments perforned «t
ANL(9) are of interest because of their prototyp-
icality and low injection pressures. The test
results are somgwhat suprising in that they 7ro-
duced short penatrations, 0.1 to 0.3 m, ir sn en-
viromment that was expected vo be controllead by
conduction-controlled freezing.

These experinments were snalyzed with
SIMMER-II to ssek an understanding of the data
a9 well as for validating it.(2) Straightforward
application of SIMMER-]I1 led to penetrations of
greater than 0.3 m. To cause earlier flow stop-
page, the effective viscosity of the stream had
to be graatly enhanced by the particulate frac-
tion in the flow. TJo get sgreemerit with the GAP)
sxperiment, it had to be assumed that the inject-
od stream ‘nitially contained S% by volume of
particles. GAPA may not have had these particles
becsuse of the reduced walting time bdetween the
thermite reactlon and the initiatlon of the flow;
the predicted behavior using this model agreed
well with this test. Although a ‘nique match to
these experiments is not posgible becsuse the
conditions in the leading edge of the Jischarpe
cannot be determined, the modn]l does suggest
plausible explanations for bnth results without
major model adjustment.

t Rod clasnto

Recently, experimerite(lQ) were perfouruned at
AKL with the objective of simulating a midplane
fuel injection ini> a nonvoided fully withdrawn
PCA containing stagnant sodium to rapresent the
meltdown phase of a CDA in an LMFBR. Their test
ssction, mounted in the CAMEL II sodium-flow lcop
at ANL, was designed to match both steady-state
and transieat bydraulic behavior of a PCA. 1t
containsd a large open inlet pipe that simulated
the fully withdrawn PCA region. Above thig was a
transition to a reduced-ares exit pipe that simu.
lated Lne sbaorber pin-bundle and bypase —aglon.
A 2.54-cp-diam fuel-injection port was in the
s1de wall just below the transition. Molten fuel
fron a thermite rcaction at 3470 K was driven in-
to the test secticn with compressed argon gas.
The sodium in cthe test section wes at 773 X. To
determine the subsequent fluid dynamlcs and fuel
relocccion, measuranents relating to flow, pres
sure, and void fraction were made nlong the test
sectior.. Two tests were performad; in the first,
Cé, the fuel was injected with an initlal argon
drivet pressure of 0.63 WPa; the second, C7, hasd
a driver pressure of 0.31 NPs.

BIAMER-1] calculstions of the ¢4 and C?
tests were performed at the sane time as thene
experimarts.(l]) Thuse calculations and the pre-
liminary analysis were done with no g prioci



TABLE 1

CONPARISON OF EXPRRIMENTAL AND CALCULATED RRSULTS POR
SPRUCKR'S TEST (USING NONEQUILIBRIUN FREEZINC MODEL)

Test Conditions

Injection Clesdding
Pressure Tenperature
Tast No. \MPa) {K)

1 6.6 1173.0

2 5.5 873.0

3 2.5 573.0

4 3.2 5713.0

5 5.08 1173.0

Sggtinmsted

knowledge of the experimental results (the one
exception was that it was known that about half
of the injector fuel inventory of 4 kg was ir-
Jected). The only information furnished by ANL
was that necemssary to set up the STMMER-1] calcu-
lations. It included (a) the geometries of the
test section, CAMEL II loop, and inlector system;
(b) the fuel and ccolent temperatures at the in-
Jectlion time; (c) the steady-state prussure
drops; (d) the prassure history of the argon
driver gas in the thermite injector; and (e) the
steady-state and the initial transient sodium
flows. The analysis mode) is shown in Fig. 6.

Typically, the calculations chowed fuel
flowing from the fuel injector tank and down
through the injector tube and melting through the
diaphragm at the point of injectlon into the test
sectlion. There wes then a fuel-coolant interac-
tion (FCI) that reversed the flow of the fuel in
the injec‘or tube and sloshed molten fuel to the
upper part of the fuel injector tank. A little
less than aalf the fuel inventory froze as crust
on the tank walls. The remaining fuel then was
driven Sack through the injector tube to the test
ssctlon. Because the original FCI hed caused
voiding in the test section in the neighborhood
of the injection point, fuel was relatively free
to enter the test section.

The STMMER-11 cslculations were wmade in cy-
lindrical cooruinates with azimuthal symmetry.
However, the expetriments did not have this sym
Retry because of the irjector. Thus, a compari-
son of the fine details of the experimental and
calculated results is not appropriate in genaral.
However, comparisons of the overall results show-
od that, in most instances, SIMMER- 1! did a re-
rarkable job. The comparisons showed that the
SIMMERR-11 calculations were reasonable for (a)
predicting the amount of fuel injected into the
test sectlon, (b) tracking the liquid-void inter-
facep both up and down the test sectior, (c¢) pre-
Cicting the test-section total mass flows at any
time during the injection, and (4) explalning the
qualitative behavior of the PCls.
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Nass SIMMER-T11 Data
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Fig. 6. SIMMNER-II calculstional model for the
analysis of CAMEL-11 tests C6 and C7.

SUNMARY

The techiology base for assessing molten
fuel removal from disrupting cores during CbAs
in LEXFBRa is currently sufficlent for evaluating



gewneral accident batiavior and ensrgetic poten-
tisls. High precision ir not obtainadle because
of the extrems complaxity of the coupled, non-
linear asssssment problem, but high precision is
not recuired.. Credible assessment of th~a behav-
ioral tronds and uncertainties is ths primary
focus of CDA snalyses. The SIMMER-I1 code with
its compreheusive but siwplistic modaling, which
has been tested asgainat experiments” datas, pro-
vides this credible ajesssment capability.
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